Phase-sequence studies showed that light, ethylene, and high temperature each enhanced germination of redroot pigweed (Amaranthus retroflexus L.) seeds when given during the first 24 hours of seed imbibition.
Seeds of many species do not germinate when first shed, but persist in the soil for months or years, a phenomenon that has elicited numerous inquiries into the mechanisms of seed dormancy. Many investigators have used the simple approach of sowing air-dried seeds on a moist surface and then immediately giving them a hormonal or environmental stimulus. Detailed studies in which treatments were applied for short intervals at various times during the first few days of incubation have been conducted on seeds of several weeds (4, 9, 11, 12, 17) . Results of such experiments may not be applicable to imbibed, soil-borne seeds, but they may reveal why newly matured seeds do not germinate immediately when they first come in contact with moisture. Also, such phase-sequence studies give clues as to what physiological processes are blocked in the initially dormant seeds.
Ethylene has been shown to stimulate seed germination of redroot pigweed (Amaranthus retroflexus L.) (18) and other broadleaved weeds (17, 20). Ethylene also exerts its effect early in the sequence of germination events in lambsquarters (Chenopodium album L.) (11) and cocklebur (Xanthium strumarium L.) (12) . We conducted a time-course study ofgermination responses ofredroot pigweed seeds to ethylene, light, or high temperature shift to determine how and when these factors influenced seed dormancy during the first few days of imbibition.
MATERIALS AND METHODS
Redroot pigweed seeds were collected from mature plants near the Delta States Experiment Station, Stoneville, MS, in 1977, and kept in dry storage until used. The seeds germinated 15 while experimental treatments were exposed to a germination stimulus for 24 h starting 0, 1, or 2 days after the beginning of imbibition (1st, 2nd, and 3rd day treatments, respectively). The effects of ethylene, high temperature, and white light were examined in separate experiments; in the case of ethylene, treatments were also given 3 or 4 days after time zero. Each experiment also included a treatment receiving a continuous stimulus for the entire incubation period, to obtain an estimate of maximum potential response. Each treatment was given to two or three flasks containing 50 seeds each, and all experiments were repeated for a total of six replicates. Ethylene was injected into the flask through the serum cap to
give a concentration of 10 ,ul/l. At the end of the 24-h treatment, the seeds were transferred to a new flask without added ethylene.
Seeds receiving the high temperature treatment were shifted to an incubator at 40 ± 1 C for 24 h, then returned to 35 C. Seeds receiving white light were exposed for 24 h to 20 to 30,uE m-2 s-' from cool-white fluorescent tubes in an illuminated 35 C incubator.
Germination was counted 48 h after the end of the last 24-h treatment in each experiment. Germination percentages were plotted on a probit scale (6) to minimize the effects of variability in the seed population on germination kinetics.
In one series of experiments, a 4-h stimulus was administered 0, 4, 8, 12, 16, or 20 h after the beginning of a 3-day incubation. A 24-h treatment beginning at time zero was included to determine whether any of the 4-h treatments were as effective as the longer exposure.
We also examined the effects of these three stimuli in combination. Controls were incubated in darkness without ethylene at 30 C, conditions which resulted in 0 to 2% germination, and therefore made the individual and combined effects of different treatments readily observable. Treatments included 24-h exposures to ethylene, white light, high temperature (35 C), and all possible combinations of these stimuli, given either on the 1st or on the 3rd day of a 5-day incubation. One (Fig. 1) . We observed the same pattern in seeds incubated at 30 C, except that germination percentages were lower. Three other lots of redroot pigweed seeds, which were stored under different conditions and exhibited different degrees of dormancy, also responded to ethylene only when the gas was given on the 1st day of incubation at 25, 30, or 35 C (data not shown).
High temperature and white light were also effective only when given on the 1st day (Table I) C in darkness and exposed to 10 I,l/l C2H4 for 24 h starting 0, 1, 2, 3, or 4 days after the beginning of a 7-day incubation period, compared with germination of seeds exposed continuously to C2H4 or no C2H4 (air) throughout the incubation period (upper and lower horizontal lines, respectively). Mean ± SE, n = 6. temperature treatments were most effective when initiated 8 h after imbibition, and much less effective at time zero and at 12 to 20 h (Fig. 2, a and b) . In contrast, white light was fully effective when given during the first or second 4-h period, and became less effective thereafter (Fig. 2c) 
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darkness, and combinations of these stimuli showed additive coaction (Fig. 3) . Each of these stimuli was ineffective when given singly on the 3rd day, and combinations of two elicited only a slight response. All three given together caused 75% germination, which is only slightly below the maximum potential response resulting from continuous incubation at 35 C with light and ethylene.
Water Stress. An osmotic stress of -4 bars applied continuously reduced dark germination at 35 C to <1%, compared to 15 to 25% for controls at 0 bars. A 24-h ethylene treatment restored germination at -4 bars to 25% when the ethylene was given the 1st day, and to 10 to 13% even when it was given on the 2nd or later days (Fig. 4a) . White light given for 24 h on the 3rd day to osmotically inhibited seeds caused 7 ± 2% to germinate, but a high temperature treatment (40 C) on the 3rd day was entirely ineffective.
Seeds which were imbibed for 24 h on blotters moistened with distilled H20 (0 bars) then transferred for 4 days to blotters moistened with PEG (-4 bars) germinated only 7 ± 1% compared with 22 ± 1% for controls at 0 bars, and 0 to 1% for controls at -4 bars. The reverse treatment, i.e. -4 bars for 24 h followed by 0 bars for 4 days, also resulted in 7 ± 1% germination. This suggests that water potential affects key processes both early and late in the germination sequence.
Carbon Dioxide. Removal of respiratory CO2 from the flask by a gas trap consistently reduced dark germination at 35 C to 3 to 6%, compared with about 15% for controls. CO2 removal did not diminish germination response to ethylene given on the 1st day. Furthermore, either ethylene or white light given on the 3rd day to seeds incubated in C02-free air restored germination to levels observed in air controls, whereas a high temperature treatment given on the 3rd day was not effective.
When seeds were incubated 1 or 2 days in C02-free air, then given 3% CO2 for 24 h, then transferred back to C02-free air, about 21% germinated, compared to 14% for seeds given 3% CO2 on the 1st day or continuously (Table I) 4 days after the beginning of a 7-day incubation period, compared to seeds exposed continuously to C2H4 or to no C2H4 (air) throughout the incubation period (upper and lower horizontal lines, respectively). Mean ± SE, n = 6. a, seeds incubated at -4 bars water potential throughout the 7-day incubation period; b, seeds preincubated (0 bars water potential) in darkness for 7 days at 30 C, then incubated (0 bars water potential) at 35 C and exposed to C2H4 as described. of transfer to 35 C (Table II) . Ethylene sensitivity of preincubated seeds declined only slightly on the 2nd day at 35 C ( Fig. 4b) , in contrast to nonpreincubated seeds which did not respond at all to ethylene on the 2nd day (Fig. 1 ).
DISCUSSION
When a nondormant seed is allowed to imbibe water, it undergoes a three-stage process of passive water uptake, lag phase, and active growth culminating in visible germination (8) . In a dormant seed this process is apparently arrested at some stage and a specific hormonal or environmental stimulus is required before it can continue. The dormancy of redroot pigweed seeds is partially SCHONBECK AND EGLEY broken by light, ethylene, or sufficiently high temperature, but these are effective only on the 1st day of imbibition (Fig. 1, Table  I ). Apparently the sequence of metabolic events in the imbibing seed is not simply blocked, but is altered so that a stimulus required early in the process is no longer effective if given hours or days later. This phenomenon is fairly widespread in seeds and has been exploited to map the time sequence of physiological events in imbibing seeds of cocklebur (12) , lambsquarters (11), and spores of the sensitive fern (Onoclea sensibilis L.)- (2) .
We have hypothesized a time sequence for redroot pigweed seeds as shown in Figure 5 , and will refer to this diagram throughout the discussion. The action of light takes place earliest (Fig. 2c) and Taylorson and Hendricks (22) found that the phytochrome in redroot pigweed seeds incubated at 35 C becomes fully receptive at 3 h, which is before the passive water uptake phase is completed.
Ethylene is most effective in redroot pigweed seeds just after the peak in light sensitivity and well before visible germination (Fig. 2a) , i.e. in early lag phase (Fig. 5) . Seeds of lettuce (1), cocklebur (12), peanut (13) , and lambsquarters (11) respond to ethylene early in the germination process, and the ethylene inhibition of spore germination in sensitive fern also occurs in lag phase before nuclear divisions begin (7) .
Temperature probably influences all stages of germination, but its greatest effect is commonly just after the light-sensitive stage (2, 5) . Our results were similar (Fig. 2b) , suggesting that the dramatic increase of redroot pigweed seed germination with temperature (18) was largely determined early in the lag phase.
Water stress affects the active growth phase of germination by reducing the water potential gradient between seed and environment (8) , a gradient which provides the force for cell expansion. As a water stress of -4 bars applied after 24 h imbibition in water reduced the final germination percentage, this factor seems to exert an important effect around the time of radicle emergence (Fig. 5) . CO2 phase-sequencing is also apparently a factor, particularly late in the germination process, as a 3% CO2 treatment was more effective on the 2nd or 3rd day than on the 1st (Table I) . In experiments in which neither CO2 traps nor supplemental CO2 were added to seed flasks, respiratory CO2 accumulated to 0.1 to 0.7% (v/v) over 3 days, which seemed to saturate the requirement for this gas (data not shown).
Another possible interpretation of the observed phase-sequencing is that the factors studied here affect different subpopulations within the seed lot. In the seed lot used, the probit-transformed germination percentages increased linearly with the logio of the ethylene concentration given (18) which shows that the seed lot is behaving as a single, normally distributed population (6) .
Because ethylene or light given on the 3rd day increased germination of seeds under water stress or in C02-free air, we propose two separate periods of sensitivity to these stimuli (Fig. 5, I, II) . First, they stimulate germination markedly when given very early (first 12 h); and second, they relieve the effects of certain stresses on the active growth phase just prior to radicle emergence. Similarly, Karssen (12) .
Karssen (11) hypothesized that thermodormancy and osmotic inhibition operate in the second critical phase, and our data suggested that this is also true of redroot pigweed seeds. Preincubation at 25 or 30 C largely prevented subsequent germination upon transfer to 35 C unless ethylene or light was given (Table II, Fig. 4b ). Ethylene remained effective in these seeds and partially effective in osmotically inhibited seeds (Fig. 4a) , even when given after a delay of several days. Thermodormancy and osmotic inhibition in lettuce seeds were reversed by ethylene, C02, and light (15, 16) , suggesting that control mechanisms in this species may be very similar to those in redroot pigweed. Phase-sequence studies of seed germination in lettuce and other species would be valuable in determining whether Karssen's hypothesis concerning osmo-and thermodormancy is generally applicable.
Imbibition under unfavorable temperature or light conditions renders seeds of many species secondarily dormant, i.e. unable to germinate upon transfer to favorable conditions (5, 19) . How do such seeds regain the ability to germinate? First, synergistic action of multiple stimuli can break secondary dormancy. While white light, ethylene, and high temperature are individually ineffective in redroot pigweed seeds after 2 days imbibition, they are fully effective when given together (Fig. 3) . Synergisms between light and hormones (11), light, nitrate, and alternating temperatures (23) , or light, ethylene, and CO2 (16) have caused germination in other seeds for which single stimuli have not been effective.
Second, gradual changes in the imbibed seeds can lessen secondary dormancy as we found in redroot pigweed. For instance, after 2 days at 30 C exposure to 10 It1/1 ethylene plus 35 C produced only 4% germination (Fig. 3) , whereas 7 days at 30 C improved this response to 41% (Fig. 4b) . Prolonged incubation or burial in soil also enhances seed sensitivity to light in redroot pigweed (10, 21) and other species (5, 19, 24) . These physiological changes in the seed may have an adaptive function. For example, redroot pigweed seeds are normally shed in early autumn when conditions favorable to germination are possible. The loss of light and temperature sensitivity within 12 h imbibition may lessen the probability of autumn germination, while gradual recovery of sensitivity may increase probability of germination in spring at the beginning of the growing season. Because ethylene sensitivity of these seeds initially follows a similar pattern, its possible role in the germination of soil-borne seeds deserves further investigation.
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